The ViroSeq HIV-1 Genotyping System is a commercially available, integrated sequence-based system for analysis of human immunodeficiency virus type 1 (HIV-1) drug resistance. We evaluated the performance of this system by analyzing HIV-1 in pediatric plasma samples. Plasma samples from children 4 months to 17 years of age were obtained from a clinical trial protocol (PACTG 377). Children in PACTG 377 were randomized to four treatment arms, including different combinations of antiretroviral drugs. HIV-1 genotyping was performed using samples collected prior to antiretroviral therapy (baseline) and at the time of virologic failure. Performance of the genotyping system was compared in three university laboratories. A total of 196 samples were analyzed, including 135 baseline and 61 failure samples. Plasma volumes ranged from 0.05 to 0.5 ml, and viral loads ranged from 1,084 to 3,484,991 copies/ml. PCR products suitable for sequencing were obtained for 192 of the 196 samples. Complete sequences for protease and reverse transcriptase were obtained for all of these 192 samples. For 180 samples, data were obtained from both DNA strands for the entire region analyzed. There was no evidence of sample cross-contamination based on phylogenetic analysis of HIV-1 sequences. Performance of the genotyping system was similar in three laboratories. This genotyping system performs well for analysis of HIV-1 in pediatric plasma samples, including those with low volume and low viral load. The availability of this system should facilitate studies of HIV-1 drug resistance.
Antiretroviral therapy can prolong the lives and improve the health of patients with human immunodeficiency virus type 1 (HIV-1) infection. However, selection of HIV-1 with resistance to antiretroviral drugs can limit the efficacy of antiretroviral treatment regimens and limit a patient's treatment options. Drug-resistant HIV-1 can be transmitted from one adult to another (4, 13) and from women to their children by vertical transmission (1, 3) . Therefore, an individual may have drugresistant HIV-1 even prior to the initiation of antiretroviral therapy (6) .
Currently licensed antiretroviral drugs include inhibitors of HIV-1 protease and reverse transcriptase (RT). Resistance to these drugs is associated with mutations in the genes encoding HIV-1 protease and RT which can be detected by genotyping assays (5) . Recent studies suggest that HIV-1 genotypic resistance testing may be useful for patients with acute HIV-1 infection to assist in selection of an initial treatment regimen. Testing may also be useful in treatment failure in order to determine whether resistant HIV-1 has been selected and to help guide changes in therapy (5, 9) .
A major challenge in the design of HIV-1 genotypic resistance assays is that HIV-1 viruses have a high level of genetic diversity (6) . HIV-1 viruses differ not only from one geographic region to another, and from person to person but also within a given individual. Genotyping assays typically require the use of DNA primers to detect resistance mutations. Recent studies illustrate the problems that genetic heterogeneity can cause when genotypic assays are based on hybridization of primers to HIV-1 templates (8, 10, 11) . Sequencing-based genotypic resistance assays typically require the use of several primers for reverse transcription, PCR, and sequencing. Each of these primers must be directed toward a highly conserved region of the HIV-1 genome in order for the analysis to be successful. Genotypic analysis is further complicated in a pediatric setting, since the plasma volumes available for analysis may be small. This problem is frequently encountered when stored samples collected in the context of clinical trials are analyzed in retrospective studies.
An integrated, sequence-based system for HIV-1 genotyping has been developed by Applied Biosystems (Foster City, Calif.). The ViroSeq version of this system is now commercially available for research use. This system utilizes a total of 10 DNA primers for genotypic analysis (1 for reverse transcription, 2 for PCR amplification, and 7 for cycle sequencing). We evaluated the performance of the Applied Biosystems ViroSeq HIV-1 Genotyping System by analyzing 196 plasma samples from pediatric patients with HIV-1 infection. Plasma samples were obtained as part of the Pediatric AIDS Clinical Trials Group (PACTG) Protocol 377 (12) . Children ages 4 months to 17 years were enrolled in to PACTG 377 between December 1997 and September 1999. Prior treatment with zidovudine (AZT), zalcitabine (ddC), or didanosine (ddI) was acceptable. Plasma samples were obtained prior to starting antiretroviral therapy (baseline samples). Children were randomized to four treatment arms, including different combinations of the following antiretroviral drugs: stavudine (d4T), lamivudine (3TC), nevirapine (NVP), nelfinavir (NFV), and ritonavir (RTV) (12) . Children were monitored for up to 48 weeks for analysis of virologic response to treatment. Some children did not achieve satisfactory viral suppression by 12 weeks or had elevated HIV-1 RNA levels at later time points (12 to 48 weeks). Plasma samples were obtained from these patients at the time of virologic failure before study treatment was changed or discontinued (failure samples). This study included a large number of samples with plasma volumes of Ͻ0.5 ml. In this analysis, we focused on the ability of this genotyping system to successfully amplify DNA for sequencing and to provide complete DNA sequences of the regions of interest.
MATERIALS AND METHODS
Samples used for analysis. Plasma samples were obtained as part of PACTG 377 (see above) (12) . Plasma was isolated from EDTA-anticoagulated whole blood within 6 h of sample collection. HIV-1 RNA levels (viral loads) were measured in PACTG 377 using the Amplicor HIV-1 Monitor Test kit (Roche Diagnostic Systems, Inc., Branchburg, N.J.) with a quantitative range from 400 to 750,000 copies/ml. Samples with viral loads of Ͼ750,000 copies/ml were analyzed following 1:100 dilution. Plasma samples were stored frozen at Ϫ80°C prior to genotypic analysis. Baseline and failure samples were distributed among three different laboratories for analysis. Each laboratory had a unique sample set.
HIV-1 genotyping. HIV-1 genotyping was performed using the Applied Biosystems ViroSeq HIV-1 Genotyping System (Applied Biosystems) according to the manufacturer's instructions, with the following exception. Where indicated, less than the recommended 0.5 ml of plasma was used for analysis. In this system, HIV-1 RNA is extracted from plasma samples, and one-fifth of the extracted RNA is reverse transcribed with murine Moloney virus RT. A 1.8-kb DNA fragment is then amplified in the same tube in a single 40-cycle PCR with AmpliTaq gold polymerase and uracil N-deglycosylase decontamination control. PCR products are purified using spin columns and analyzed by agarose gel electrophoresis. The PCR products are sequenced with premixed BigDye sequencing reagents in seven separate reactions. BigDye terminator chemistry provides 98% accuracy at 550 bases for the ABI Prism 377 DNA Sequencer and 98.5% accuracy at 600 bases for the ABI Prism 310 Genetic Analyzer according to product bulletins issued by the manufacturer. The resulting sequences are assembled and analyzed using HIV-1 Genotyping System software.
Phylogenetic analysis. Protease and RT nucleotide sequences (297 and 972 nucleotides, respectively) were aligned. Phylogenetic reconstructions were performed with PHYLIP 3.572c, by using the neighbor-joining method. Reference sequences were obtained from the 1999 HIV-1 Subtype Reference Alignments of the Los Alamos National Laboratory web site (http://hiv-web.lanl.gov/) and included subtypes A to K, as well as recombinant sequences and the laboratory strains pNL4-3 and HXB2.
RESULTS
The performance of the Applied Biosystems ViroSeq HIV-1 Genotyping System was evaluated in laboratories at The Johns Hopkins University School of Medicine, The University of California at Los Angeles School of Medicine, and the University of Medicine and Dentistry of New Jersey (laboratories 1 to 3, respectively in Table 1 ). Each laboratory analyzed baseline samples obtained prior to antiretroviral therapy, as well as failure samples obtained at defined time points while study subjects were still on antiretroviral therapy. A total of 196 plasma samples were analyzed, including 135 baseline samples and 61 failure samples (Table 1) .
Applied Biosystems recommends use of the ViroSeq system for 0.5-ml plasma samples with viral loads of Ͼ2,000 copies/ml. This amount corresponds to an input RNA copy number (i.e., RNA copies/milliliter ϫ milliliters of plasma) of 1,000 copies. In this study, the volume of plasma available for analysis was Ͻ0.5 ml for 43% of the samples. The range of plasma volumes, mean plasma volume, and number of samples with plasma volumes of Ͻ0.5 ml analyzed in each laboratory are shown in Table 1 . In addition, 47 (24%) of the samples had viral loads of Ͻ10,000 copies/ml. The ranges of viral loads and mean viral loads for samples analyzed in each laboratory are shown in Table 1 . Of note, the sample set included eight samples with input RNA copy numbers of Ͻ1,000 (median 742 copies; range 480 to 899 copies).
RNA isolation, reverse transcription, and PCR amplification were performed for all 196 samples. The quality and quantity of the PCR products were analyzed by agarose gel electrophoresis. PCR yielded sufficient DNA for sequencing for 98% of the samples tested. This included seven of eight samples for which the input RNA copy number was Ͻ1,000 copies. The four samples for which a suitable product was not obtained had the following viral loads and plasma volumes: 1,205 copies/ml and 0.4 ml (482 copies), 17,738 copies/ml and 0.15 ml (2,661 copies), 6,003 copies/ml and 0.5 ml (3,002 copies), and 142,753 copies/ml and 0.33 ml (47,108 copies). The failure to obtain a suitable PCR product for the latter sample was attributed to loss of the viral pellet during viral RNA isolation. PCR products suitable for sequence analysis were obtained from samples collected at other times from all four of these individuals.
DNA sequencing was performed using premixed reagents with seven sequencing primers. Figure 1 shows the position and orientation of the sequencing primers on the PCR product. Sequencing reactions were analyzed on either an ABI Prism 377 DNA Sequencer or an ABI Prism 310 Genetic (Table 2) . We considered genotyping to be successful if the analysis yielded a complete sequence for HIV-1 protease amino acids 1 to 99 and HIV-1 RT amino acids 1 to 320. In this report, genotyping was successful for all 192 samples for which adequate PCR products were obtained (Table 2) . For 180 samples, sequence data from both DNA strands was obtained for the entire region analyzed. For the remaining samples, a small region of the consensus sequence was generated using data from only one DNA strand. This reflected repeated failure of both primers A and D (three samples), the F primer (two samples), or the G primer (two samples). For five additional samples, sequences obtained with the H primer assembled successfully with the other sequences but had a small internal region of sequence ambiguity.
Mutations associated with resistance to the PACTG 377 study drugs (3TC, d4T, NVP, RTV, and NFV), as well as mutations associated with resistance to other drugs (e.g., ddI, ddC, and AZT) were detected in this cohort. Detailed analyses of the mutations detected and their relationship to outcome in protocol PACTG 377 will be reported elsewhere (S. H. Eshleman et al., unpublished results).
For quality control, we used phylogenetic analysis to compare the nucleotide sequences obtained for each plasma sample to one another and to those of laboratory strains of HIV-1. None of the sequences resembled those of strains pNL4-3 or HXB2, which were present in some of the genotyping laboratories. Furthermore, sequences from individual children derived from samples collected at different times clustered more closely with one another than with sequences from other children in the study, and no two sequences were identical. Therefore, it is unlikely that samples were cross-contaminated (e.g., during PCR) or misidentified.
DISCUSSION
This study demonstrates successful use of the Applied Biosystems ViroSeq HIV-1 Genotyping System for analysis of HIV-1 protease and RT in pediatric plasma samples. This system uses direct sequence analysis of PCR products to determine the predominant sequence in a mixed population. Plasma samples from HIV-1-infected individuals often contain mixtures of HIV-1 with or without drug resistance mutations. Drug resistance mutations can be detected as amino acid mixtures using direct sequencing. However, site-specific PCR or mutationspecific hybridization assays may be more sensitive for the detection of specific mutations that are present at low levels. It is usually necessary to sequence cloned cDNAs to determine the linkage of specific mutations in individual HIV-1 viruses.
Performance of the ViroSeq genotyping system was similar in three different laboratories. Genotyping was successful for 98% of the 196 samples analyzed in this study, even though 43% of the samples had plasma volumes below the 0.5-ml volume recommended for analysis. This is important, since samples with small volumes are often obtained from pediatric patients and since the volume of plasma available for genotyping from samples obtained in clinical trials is often well below the volume required by most commercial laboratories for ge- notypic resistance testing. Furthermore, genotyping was successful for seven of eight samples with Ͻ1,000 input RNA copies. Genotypic analysis of HIV-1 is complicated by several factors. First, the concentration of viral RNA used as a template for reverse transcription and PCR amplification (viral load) varies significantly from sample to sample. In this study, the viral load varied by Ͼ3 orders of magnitude (from 1,084 to 3,484,991 copies/ml). Second, because HIV-1 has an RNA genome, special care must be taken to avoid degradation of the viral template, and reverse transcription must be performed prior to PCR. Finally, analysis is complicated by the high degree of genetic diversity of the virus. Viral sequences vary significantly from individual to individual, and viruses in a single plasma sample are also genetically diverse. Primers used for reverse transcription, PCR amplification, and DNA sequencing must be directed to conserved regions of the virus to maximize homology between the template and primer sequences. In this study, genotyping was unsuccessful for only 4 of 196 samples. In all four cases, RNA isolation, reverse transcription, or PCR amplification resulted in insufficient DNA for sequencing. In each case, samples from the same individuals collected at different times were successfully analyzed. This suggests that genetic differences between the primers used for analysis and the viral sequence were unlikely to be the cause of the analytic failures. Genetic differences among different HIV-1 subtypes can also complicate genotyping analysis. The ViroSeq HIV-1 Genotyping System was developed for analysis of subtype B HIV-1, which is the most common subtype in the United States. However, the system has been used successfully for analysis of diverse HIV-1 subtypes (2, 7).
For sequence-based assays, it is desirable to analyze sequences from both DNA strands. In this study, complete double-stranded sequence information was obtained for 94% of the samples that were successfully genotyped. In the remaining samples, a small region (typically encoding fewer than 100 amino acids) was sequenced in one direction only. In this study, single-stranded regions were obtained most frequently due to ambiguities in a region of the sequence obtained with the H primer.
A concern using any PCR-based assay is contamination (e.g., sample cross-contamination or contamination with reference strains used in the laboratory). One advantage of the ViroSeq system is that reagents and protocols are sufficiently optimized so that nested PCR is not required. This minimizes sample handling and lowers the risk of sample contamination. Another advantage of this system is the inclusion of a uracil N-deglycosylase contamination control system, which serves to degrade contaminating DNA generated in previous reactions. In this study, phylogenetic analysis confirmed the absence of sample cross-contamination or contamination with laboratory strains of HIV-1 in the three testing laboratories.
This report demonstrates successful use of a commercial system for HIV-1 drug resistance genotyping in three University laboratories. This system is currently available for research use only. Validation studies of this system are currently under way to assess its suitability for clinical use.
